We report the development of a new quantitative method of assessing the effects of anthropogenic impacts on living beings; this method allows us to assess actual impacts and to travel backwards in time to assess impacts. In this method, we have crossed data on fluctuating asymmetry (FA, a measure of environmental or genetic stress), using Didelphis albiventris as a model, with geographical information systems data relating to environmental composition. Our results show that more impacted environments resulted in statistically higher levels of FA. Our method appears to be a useful and flexible conservation tool for assessing anthropogenic impacts.
INTRODUCTION
Fluctuating asymmetry (FA) is defined as a nondirectional variation in bilateral (left-right) characteristics, which results from a reduced ability to control development during periods of environmental or genetic stress (Møller & Swaddle 1997) . Currently, FA is being used as a measurement in many areas of animal behaviour research (Hovorka & Robertson 2000) , and has recently been applied to conservation problems (Lens et al. 1999; Anciães & Marini 2000) . Human-induced perturbations in natural environments have increased the need for sensitive biological indicators to measure the impact of such perturbation on living beings (Leary & Allendorf 1989; Parsons 1992) . There are many biological impacts that influence FA, such as environmental quality, stress during development, hybridization between species, inbreeding and fitness (Palmer & Strobeck 1986 ). For example, Lens et al. (2002) found that Taiata thrushes (Turdus helleri) with higher levels of asymmetry showed lower probabilities of survival in comparison to more symmetric individuals, and this effect was more pronounced in impacted environments. However, such biological impacts and their consequential production of FA do not always affect animal fitness (Stinge et al. 2005) . As already mentioned, FA can be used as a measurement of environmental stress; however, to prove that anthropogenic activities are having a negative effect on animals, some method of assessing environmental impacts needs to be applied. Previous studies using FA utilized qualitative data or unrefined measurement; for example, researchers have estimated environmental impact or used simple measurements such as size of the area (e.g. Møller 1996; Wauters et al. 1996; Lens et al. 1999; Anciães & Marini 2000; Gallant & Teather 2001) , degree of pollution in water (e.g. Bonada & Willians 2002; Servia et al. 2003; Bonada et al 2005; Marques et al. 2005) or contamination of the environment (e.g. Oleksyk et al. 2004; Sonne et al. 2005) . All these studies have shown that greater environmental fragmentation, pollution or contamination result in higher levels of FA. Obviously, some methods can be criticized for their lack of objectivity (quantification) or for over-simplifying the problem. Furthermore, when considering conservation problems we need a system that can detect such problems as early as possible. In terms of conserving a species it is better to act before the species enters a situation of population decline: a number of studies have shown that it is possible to detect FA before this occurs (Leary & Allendorf 1989; Tsubaki 1998; Alford et al. 1999; Lens et al. 2002; Bonada et al. 2005) . In addition, to convince governments that certain anthropogenic activities are causing conservation problems, we need quantitative data.
In 1984, the NASA Landsat Program launched the first satellite equipped with a thematic mapper (TM) sensor, Landsat 5, capable of producing high quality images that could be analysed to reveal the effects of anthropogenic impacts on the environment. In 1999, Landsat 7 ETMC satellite was launched, with an enhanced TM sensor. Before 1984, Landsat satellites used simpler sensors (e.g. Landsat 1 launched in 1972 used an MSS sensor, a multispectral scanner), and aerial photographs were also available. These images, after interpretation, can be analysed using geographical information systems (GIS), such as ARCGIS 8 (ESRI 2002) , to reveal the types and composition of habitats at specific geographical points ( Jensen 1996) . For example, in China ecological monitoring of giant panda (Ailuropoda melanoleuca) reserves has been done using this technique (Liu et al. 2001) . Remote sensing software, such as ERDAS Imagine (ERDAS 1997) , can automatically classify satellite images, via unsupervised or supervised classification algorithms, into types of vegetation cover and soil use, and thereby detect levels of anthropogenic impact (Hirsch 2003; Landau et al. in press) .
Marsupials are an important group of mammals found in the Americas and Australia that occupy a wide variety of ecological niches and have lifestyles that range from generalists to specialists. We chose the white-eared opossum (Didelphis albiventris) as the model species for our study because it occurs in large numbers and in a wide variety of environments (i.e. it has many characteristics of an indicator species), and is well represented in scientific collections. To conduct analyses of satellite images of environments where our study species was collected it is necessary to have homerange data. For the genera Didelphis we found data about the home range of the following species: D. marsupialis (home range sizes of 4.7GK1.8 ha; Sunquist et al. 1987 ; home rangeZ5.6 ha; Vaughan & Hawkins 1999) , D. aurita (home rangeZ0.2K3.0 ha; Cárceres & Monteiro-Filho 2002) and D. albiventris home range Z3.8 ha (Alessio et al. 2004) . Due to the lack of the data on D. albiventris (based on only three individuals), we instead used the home range of D. marsupialis as this species is similar in terms of size and habitat (home rangeZ4.7G1.8 ha; Sunquist et al. 1987) .
The objective of the present study was to develop a new methodology, applicable in conservation, which could relate FA and anthropogenic impacts, using GIS and remote sensing data.
MATERIAL AND METHODS
We measured a total of 98 skulls of D. albiventris from the Scientific Collections of the Laboratory of Mammalian Biology at the Federal University of Minas Gerais (UFMG) and the Natural Science Museum of Pontifícia Universidade Cató lica Minas, both situated in Belo Horizonte, Minas Gerais, Brazil. A total of 75 individuals had their collection place covered with satellite images and/or aerial photographs at a total of 35 different locations in Brazil. More than one animal was collected from many locations but in different areas, and at different times. All the animals were collected in the core of this species distribution (Eisenberg & Redford 1999) . This is important because FA can be greater at the limits of a species' distribution (Kark et al. 2004) . For the final analyses, the collected sample comprised 75 animals, but 15 of these were excluded because it was not possible to calculate the FA5 index (Palmer 1994) , which is considered the most appropriate for large sample sizes with small measurement differences. The FAS index is calculated as S(RKL) 2 /n, where R is right-hand side measurement, L is left-hand side measurement and n is sample size (table 1). For analyses of FA a total of at least 30 animals is necessary, including all the sites sampled. Therefore, the sample cannot be small (Palmer 1994) .
For FA measurements, we used the digital caliper Starret 727, with an accuracy of 0.01 mm. A pilot study, where many measurements were taken, was carried out to establish which measurements should be used in this study. We chose measurements that allowed a high degree of confidence because of their size and location on the skull. We also used previously established limits to avoid measurement errors. Four measurement points were located: (i) length of nasal bone; (ii) length of superior canine tooth; (iii) width of mandible condile; and (iv) distance between mentual foramen and post-incisive diastem.
In this study, we employed a double-blind methodology to minimize the risks of false positives. Thus, the researcher making the FA measurements did not know where the skulls had been collected or the results from the researcher analysing the satellite images (who also received no information about the FA measurements). This method is recommended for all FA analyses and provides more reliable data (Palmer 1994) . For this reason, two researchers took the measurements of the right-and left-hand sides of the skull of each individual at different times and dates. Thus, all measurements were made in two stages. In the first, some skulls were separated and arranged into one box, selected randomly and the measurements of one side recorded in a pre-determined order. In the second, the skulls were taken again randomly for the measurements of the opposite side to be recorded. To avoid false-positive results, the column containing the first measurements was hidden during the second stage of measurement. Furthermore, the caliper was zeroed after each measurement. The pre-determined order given on the data-sheet was as follows: (i) the side of skull to be measured (right or left), in a random order and previously established; (ii) the measurements to be taken, also in random order and previously established; and (iii) a field to fill in with the skull number. If the skull was broken we did not take measurements. After all measurements had been taken following the protocol described, further information was collected about each animal: (i) location of collection (locality, municipality, State, geographical coordinates); (ii) gender; and (iii) date of collection. With this information we constructed a table and all points of collection were plotted on a map, using the ARCGIS 8.2 program (ESRI 2002) , at the Mastozoology Laboratory at UFMG.
To estimate the degree of anthropogenic impact we elaborated maps showing the types of vegetation cover and soil use. To draw these maps we used: 1985 -1990 to 9.21% in 1990 -1995 (Fundação SOS Mata Atlântica & INPE 1993 Fundação SOS Mata Atlântica, INPE & ISA 1998) . Thus, the grouping of areas into time bands in this study means that, if an animal was collected in 1976 we used a 1984 satellite image, which would probably reveal a more impacted environment than in 1976. Although this obviously introduces some error into our analyses, this error is likely to be small (of the order of four to eight per cent) given the rates of deforestation during our sample periods.
A total of twenty-one classes of vegetation cover and soil use were identified, of which 11 were natural classes (e.g. primary forest) and 10 anthropogenic classes (e.g. urban areas). These classes were obtained from Landsat 5, Landsat 7 images and interpretation and classification of aerial photographs. In this process, we utilized GIS and remote sensing softwares, such as ARCGIS 8 and ERDAS Imagine (ERDAS 1997), based on supervised classification techniques and maximum likelihood algorithms with a transformed divergence distance equal to or greater than 1900, as developed by Jensen (1996) and tested by Hirsch (2003) . The general accuracy accepted in the error matrix of classification was 90% or greater, considering that in the literature more than 85% is generally acceptable ( Jensen 1996) .
Next the classes of vegetation cover and soil use were regrouped to natural similarity to reduce the number of classes (table 2) .
In fact, we did not analyse the whole reserve where the animals were collected; instead we analysed a buffer zone of 2 km around each collection point, as this area would relate to the species' home range (see §1). A buffer zone consists of a circular area around the central point where the individuals were collected. Each environment analysed was classified into one of five categories in accordance with its degree of anthropogenic impact (categories: 1, 0-20%; 2, 21-40%; 3, 41-60%; 4, 61-80% and 5, 81-100%).
To analyse the data, we first used the Anderson-Darling test of normality to verify the normal distribution of the data (Zar 1999) and thereby check for antisymmetry in the sample (Palmer 1994) . We also used a T-test to reject directional asymmetry in the sample (Palmer 1994) . After rejecting these two kinds of adaptative asymmetry, we measured the accuracy between the two sets (the two observers) of FA results using a Student t-test (Zar 1999) .
The FA data were converted to the index score FA5 (Palmer 1994) . The FA5 data were log-transformed to meet the requirements of parametric statistics.
We then analysed these data using a one-way analysis of variance (ANOVA) with categories of anthropogenic impact as the factor, and we used a post hoc Tukey test to determine the difference between each anthropogenic category.
To correlate the FA index and the anthropogenic percentage at each location, and the FA index of each animal and the percentage of each class of vegetation cover and soil use, we used the Spearman rank correlation.
We also calculated, using ARCGIS software, the total continuous area of natural vegetation cover connected to each collection point (buffer-zone) and then correlated this, using a Spearman rank correlation, with FA5.
RESULTS
The results showed a significant effect of anthropogenic impact on FA (FZ3.32; d.f.Z4,55; p!0.05). A post hoc Tukey test showed that the level of FA was significantly lower in category 1 in comparison with all other categories, and no further statistical differences were found. The individuals in category 1 showed one-third of the FA relative to those in other categories (0.01440G 0.00675 versus 0.0448G0.0158). The numbers of specimens in each anthropogenic category were: 1, 12; 2, 11; 3, 9; 4, 6 and 5, 25. We calculated, using GIS software, the total continuous area of natural vegetation cover connected to each collection point (buffer-zone) and then correlated this, using a Spearman rank correlation, with FA5 ( figure 1) . The result showed a positive trend ( p! 0.1) but not a significant result. However, there was a significant negative correlation between size of continuous area and percentage of anthropogenic impact (r s ZK0.796; nZ60; p!0.001).
DISCUSSION
These results show, as predicted, that white-eared opossums living in anthropogenically impacted environments show increased FA, and that FA data with GIS analyses provide a new and quantitative method for analysing the effects of anthropogenic impacts. This new methodology can be applied to any location in the world, to any group of living creatures and may be applied retrospectively (until 1972) .
Despite the fact that the white-eared opossum, commonly known as gambá, is renowned for its ability to invade new habitats and therefore is a generalist (Eisenberg & Redford 1999) , it was affected negatively by anthropogenic impact. The surprising result was that an anthropogenic impact of only 20% caused a tripling in the level of FA. Normally, we would expect a generalist that is known to have invaded man-made environments (e.g. gardens in cities) to have a greater tolerance to modified environments. A low threshold was a surprise because white-eared opossums evolved in environments subject to large natural impacts, such as fire and severe storms (Collinge 1996) . Fire is one of the most common and frequent natural impacts that occurs in the Brazilian savanna (Klink & Machado 2005) . To date, no one has measured the effects of natural catastrophes on FA, and in our present study we do not know if the levels of FA we detected caused health or welfare problems for the animals. However, even if the level of FA in our sample did not create health problems for our animals, the fact that we were able to detect it supports the hypothesis that it could be used as an early warning system in animal conservation programs (Leary & Allendorf 1989; Tsubaki 1998; Alford et al. 1999; Lens et al. 2002; Bonada et al. 2005) . For example, Lens et al. (2002) found that FA levels in Taiata thrushes increased prior to negative population changes, which had subsequent deleterious impacts on local population survival.
The results of this research are not important just because they show the link between the degree of anthropogenic impact and FA, but also because we have done this using a new methodology. We believe this new methodology represents a major advance in comparison to previous methods (e.g. Møller 1996; Wauters et al.1996; Lens et al. 1999; Anciães & Marini 2000; Gallant & Teather 2001; Marques et al. 2005; Sonne et al. 2005) because it is totally quantitative and, if applied in a doubleblind manner, not subject to human biases. Probably every country in the world has museums or universities with collections of animals and plants, plus many countries have vast collections of exotic flora and fauna (e.g. Great Britain). Besides, it is also possible to capture common species in the field and measure their degree of FA (e.g. Lens et al. 1999; Anciães & Marini 2000; Lens et al. 2002) . Satellite images of the whole earth are available from a number of agencies (e.g. NASA and ESA) and can be bought, or are sometimes donated for research use. Courses of GIS techniques are now taught throughout the world and the software is usually available (via licenses) in universities that have biology or geography departments. Thus our approach can be applied to a range of other species and in our geographical regions to increase our understanding of FA in disturbed areas.
In this study, we have proved that this new methodology has much merit but we have not really begun to explore its full potential. The first images that can easily be analysed to provide information about vegetation cover and soil use were produced in 1984 by Landsat 5 TM. This means that we can now travel backwards in time to look at how impacts in an environment were affecting the flora or fauna at that time (provided that sufficient specimens exist in museums). For example, imagine a reserve was created in 1984 and has been rigorously protected against deforestation ever since, and has had considerable reforestation. We could measure the impacts of this on the flora and fauna over time using the methodology presented in this paper. This could inform us about how much time flora and fauna need to recuperate after anthropogenic impacts.
The methodology presented here can be applied rapidly to areas suffering anthropogenic or other impacts, and provides an early warning of conservation problems. Given the highly quantitative nature of this methodology, we believe the implications of research utilizing it will be important to agencies concerned with the conservation of biodiversity.
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